ABSTRACT Severe hydropericardium syndrome (HPS) has been present in layers in the northeast of China since June 2015, with mortality rates varying from 30 to 90%. Dead layers had severe hydropericardium with pericardial volumes of 5 to 20 mL, as well as inclusion body hepatitis. Laboratory investigations led to the isolation of a fowl adenovirus strain, HLJFAd15, from the liver tissue of dead layers. Natural deletions of ORF19 and ORF27 were found in this clinical strain by complete genome sequencing, which was identified with the novel genotype recently prevalent in China. The pathogenicity characterization was conducted in 35-day-old SPF chickens using HLJFAd15 with novel genotype of fowl adenovirus serotype 4 (FAdV-4). The reproduction disease cases of HPS with mortality rates of 76.9% by oral administration and 100% by intramuscular injection were induced successfully by challenging SPF chickens, respectively. Non-enveloped viral particles with a mean diameter of approximately 80 nm were found in the livers of virus-infected SPF chickens. Our study revealed that HLJFAd15 was identified with the novel genotype strains recently emerging in China by complete genome sequencing, and the strain was capable of causing HPS by the pathogenicity analysis. However, although there is currently no commercial vaccine against the novel genotype FAdV-4, the animal infection model established in this study was valuable for vaccine evaluation and development.
INTRODUCTION
There are more than 100 known adenovirus serotypes, including 50 human serotypes. Fowl adenoviruses (FAdVs) belong to the Aviadenovirus genus of the Adenoviridae family. FAdVs are grouped into 5 species (FAdV-A to E) based on molecular structure and further divided into 12 serotypes (FAdV-1 to 8a and -8b to 11) (Steer et al., 2009) . After the first report of FAdV infection in 1987 in Angara Goth, Pakistan (Asthana et al., 2013) , FAdVs have spread around the world and are now found in the United States, India, Canada, Hungary, Korea, and Japan, resulting in a considerable economic loss for poultry producers (Mase et al., 2012; Rahimi and Minoosh, 2015; Zhao C et al., 2015) . Hydropericardium syndrome (HPS), inclusion body hepatitis (IBH), and gizzard erosions (GE) are classical diseases associated with FAdV infection in chickens. Most of the 12 serotypes of FAdVs can induce IBH, but, generally, only FAdV-4 causes HPS. Single FAdV infections are rare, as the virus most often occurs in a co-infection with other viruses, such as infectious bursa disease virus (IBDV), chicken anemia virus (CAV), newcastle disease virus (NDV), and avian leucosis viruses (ALV) (Eregae et al., 2014 ). Yet, FAdV-4 infection has caused acute death with no apparent symptoms and high mortality rates ranging from 10 to 80% and 0 to 10% in broilers and layers, respectively (Asthana et al., 2013; Mittal et al., 2014) .
FAdVs are non-enveloped isometric particles that are composed of 252 capsomers arranged in icosahedral symmetry. Of the 252 capsomers, 240 are hexons and the rest are pentons (Sheppard et al., 1995) . The hexon gene encodes the major capsid protein of FAdV and contains type-, group-and subgroup-specific antigenic determinants (Steer et al., 2009) , allowing for the serotype classification of different FAdVs. Complete genome sequencing of several FAdV strains has assisted in the construction of FAdV-based delivery systems for vaccine development and helped clarify mechanisms of virulence evolution of FAdV. Subunit vaccines using a FAdV delivery system have been constructed for protection from other pathogens, such as infectious bronchitis virus (Johnson et al., 2003) and infectious bursal diseases virus (Francois et al., 2004) . Therefore, characterization of newly identified non-essential regions of FAdV is important for developing FAdV-based subunit vaccines.
Since June 2015, severe HPS has emerged in many provinces of China and caused extensive epidemics in broiler and layer chickens, leading to a huge economic loss in the poultry industry. Several FAdVs have been isolated and classified into serotype 4 with novel genotype (Ye et al., 2016) . Although there is currently no commercial vaccine against the novel genotype FAdV-4 in China, the potential risks of the prevalence of the FAdV-4 hypervirulent strain urgently require an efficient vaccine. In this study, one hypervirulent FAdV-4 strain, HLJFAd15, was isolated and characterized to be the same with the novel genotype strains recently prevalent in China, and an animal reproduction infection model in SPF chickens was established, which was valuable for vaccine evaluation and development.
MATERIALS AND METHODS

Case History
In July 2015, a natural outbreak of HPS occurred in several high-intensity poultry farming provinces in the northeast and central regions of China, and the disease rapidly spread to different areas of the country. As previously reported, FAdV-4 infects 3-to 5-week-old broilers with a mortality rate of 10 to 80% and layers and breeders younger than 20 wk old with a mortality rate of less than 10% (Asthana et al., 2013; Mittal et al., 2014) . However, in this study, HPS appeared in 180-day-old layers with a 50% mortality rate, which was a much higher rate than previously reported. Necropsy was performed on dead chickens and tissue specimens were collected for virological and histologic examination.
Collection of Samples
Liver tissue from dead layers with suspected HPS was collected from a layer farm in Heilongjiang province in northeast China. Liver samples collected from 3 affected dead birds were homogenized in sterile phosphatebuffered saline (PBS) to generate a 15% suspension (w/v). After centrifugation at 3,000 × g for 30 min, each supernatant was passed through a 0.22-μm syringe filter and stored at -70
• C until use (Kaján et al., 2013) .
DNA Extraction and PCR
DNA from infected liver homogenates was extracted using the AxyPrep Body Fluid Viral DNA/RNA Miniprep Kit (Axygen Scientific, CA, USA) according to the manufacturer's instructions and then used for PCR. The following pathogenspecific primers were used to detect the presence of the L1 region of Hexon of FAdV: FAdF (5 -AACTTCGACCCCATGTCGCGTCAGG-3 ) and FAdR (5 -TGGCGAAAGGCGTACGGAAGTAAGC-3 ). PCRs were performed using the following thermal cycling protocol: 95
• C for 5 min, followed by 30 cycles of 95
• C for 45 s, 56
• C for one min, and 72
• C for one min, followed by a final elongation step of 10 min at 72
• C. The PCR products were purified and submitted for nucleotide sequencing (Jilin Comate Bioscience Co., Ltd., Changchun, China). Samples were examined by blood agglutination, PCR, or RT-PCR for the presence of other viruses, including avian influenza virus (AIV), NDV, IBDV, ALV, reticuloendotheliosis virus (REV), avian reovirus (ARV), and Marek's disease virus (MDV), according to previously described methods (Jiang et al., 2013; Wang et al., 2014; Lu et al., 2015) .
Complete Genome Sequencing
Partial genes were amplified by PCR using 36 pairs of primers specific for the KR5 strain of FAdV (GenBank No. HE608152), and the complete gene sequence was manually assembled using the Seqman program in the DNAstar software package (version 5.01, Madison, USA).
Virus Isolation
A chicken liver cell line (LMH) was used for the isolation of the clinical virus strain from this study (Oaks et al., 2005 ). Dulbecco's modified Eagle's medium (DMEM, Invitrogen, CA, USA) supplemented with 10% foetal calf serum (FCS), 100 IU/mL penicillin, and 100 μg/mL streptomycin was used for LMH culture. When the cell monolayer in a 75-cm 2 flask reached approximately 80% confluence, the medium was aspirated and the cells were rinsed twice with PBS. Cell monolayers were infected with 5 mL each of 5-fold diluted liver homogenates and incubated at 37
• C for 2 hours. The supernatant was aspirated and replaced with maintenance medium containing 2% FCS. The cells were incubated at 37
• C/5% CO 2 and checked daily for cytopathic effects (CPE).
Pathogenicity Experiments
Determination of the ELD 50 of HLJFAd15 Nineday-old specific pathogen free (SPF) embryos were inoculated with 200 μl of a liver homogenate of the dead birds via the chorioallantoic membrane route, filtered through 0.22-μm syringe filters, and cultured in a 37
• C incubator (Mazaheri et al., 1998; Liu et al., 2011) . The livers of dead embryos were collected, and titration was carried out by inoculation with serial 10-fold dilutions of a liver homogenate of F1 embryos into 50 F2 SPF embryos, which were randomly divided into 10 groups. The titres were calculated using the formula of Reed and Muench. The liver tissues also were fixed for histopathological analysis and electron microscopic observation.
Pathogenicity Assay in SPF Chickens This study was approved by the Animal Care and Use Committee of Harbin Veterinary Research Institute, Harbin, China. Two groups with 13 5-week-old SPF chickens were kept in separate positive pressure isolators and infected with 10 6.0 ELD 50 / 0.2 ml HLJFAd15 via oral administration (PO) or intramuscular injection (IM). Thirteen chickens were mock-infected with 0.2 mL of PBS as a negative control group. The chickens were observed daily, the volumes of hydropericardium were measured, and the livers of dead birds were collected for histopathological analysis and electron microscopic observation. At the same time, virus recovery was conducted by inoculating the filtered liver homogenate onto LMH cultures for observing CPE and were identified by PCR as described above.
Histopathology Liver samples of dead chickens were fixed in 10% formalin for 48 h at room temperature (RT), and then routinely processed, embedded in paraffin wax, and cut into 5-μm sections. The sections were stained with hematoxylin and eosin (HE) and examined using light microscopy.
Electron Microscopy
Virions in Cell Supernatant Cell supernatant was collected from infected cells with visible CPE, centrifuged at 1,000 × g for 10 min to remove large cellular debris, and centrifuged at 8,000 × g for further removal of debris. The supernatant was centrifuged at 13,000 × g for 30 min to pellet virions. The virus pellet was resuspended in 50 μl of distilled water, negatively stained with 1% phosphotungstic acid for 30 s, mounted onto 200-mesh Formvar-coated copper grids, and viewed by transmission electron microscopy.
Virions in Liver Tissue
Tissues samples were fixed with 2.5% glutaraldehyde for 2 h and 1% osmic acid for one h at 4
• C and then routinely processed, embedded in Epon 812, and cut into 60-nm sections. The sections were stained with uranyl acetate for 15 min and lead citrate for 15 min at RT and were viewed by transmission electron microscopy.
Antibody Production
Antisera against the viral isolate HLJFAd15 were collected from 5-week-old SPF chickens at time points of one, 3, 5, 7, 14, 21, 35 , and 42 d post infection. Serum samples were tested for FAdV-specific antibodies by using a commercial enzyme-linked immunosorbent assay (ELISA) kit (BioChek, ME, USA).
RESULTS
Isolation and Characterization of the Virus
DNA in the livers of dead chickens that presented clinical symptoms was extracted to identify the pathogen. A 594-bp FAdV-specific fragment was amplified, and no co-infections were present, including AIV, NDV, IBDV, ALV, REV, ARV, and MDV. For cell culture passage, LMH cells showed severe CPE ( Figure 1A ) at 72 h post infection with the liver homogenates compared to non-infected cells ( Figure 1B) . Under a transmission electron microscope, virus particles were detected in the cell supernatant with a mean diameter of approximately 80 nm ( Figure 1C) . No hemagglutination activity was detected in the cell culture supernatant. The isolate was identified as HLJFAd15.
Phylogenetic Analysis
The complete hexon gene (2814 bp) of fowl adenovirus was amplified by PCR and sequenced to identify the serotype of the clinical FAdV isolate. Phylogenetic analysis showed that strain HLJFAd15 belongs to a cluster of FAdV-C, serotype 4 viruses containing several reported FAdV-4 strains (Figure 2A ). This cluster includes complete hexon sequences of viruses KR5, ON1, JSJ13, KC, MX-SHP95, PK-01, and PB-05, which were isolated from different areas of the world. The similarity between HLJFAd15 and other FAdV-4 strains or other species of FAdVs varied from 98.6 to 100% and 50.1 to 76.2%, respectively.
Complete Genome Analysis
The whole genome nucleotide sequence of the HLJFAd15 isolate is available in the GenBank database under the accession number KU991797. The full genome is 43720 base pairs in length, and the inverted terminal repeat (ITR) sequence is 56 bp in length. Interestingly, compared with two mildly virulent strains, KR5 (HE608152) and ON1 (GU188428), a natural deletion of 1966 bp was observed at the position of nt 35427, and this deletion includes 2 open reading frames: ORF19 and ORF27 ( Figure 2B ). This deletion was also present in two other Chinese isolates, JSJ13 and HB1510.
ELD 50 of HLJFAd15 in SPF Chicken Embryos
The F1 embryos died within 5 to 7 d post inoculation. Friable liver with multifocal areas of necrosis ( Figure 3A) were present in an SPF embryo that died 5 d post inoculation, and inclusion bodies were observed in the liver of the dead embryo ( Figure 3B ). Virions in livers of the dead embryos infected with HLJFAd15 were observed with a transmission electron microscope ( Figure 3C ), and the diameter was approximately 80 nm ( Figure 3D ). Titration of virus in infected embryos was determined to be 10 6.35 ELD 50 /200 μl by inoculating F2 embryos using the formula of Reed and Muench.
Pathogenicity of HLJFAd15 in SPF Chickens
All chickens in the control group remained alive and did not show any clinical signs until 14 d post inoculation with PBS. Thirteen SPF chickens were inoculated with 10 6.0 ELD 50 of HLJFAd15 via PO or IM. In the PO group, 10 of 13 chickens died within 3 to 6 d post inoculation (dpi), whereas all 13 chickens in the IM group died within 2 to 4 dpi ( Figure 4A ). Both the mortality rates of infection groups were significantly higher than the control group. The mortality rate of the PO group (76.9%) was lower than the IM group (100%), and the death rate of the PO group was lower than the IM group ( Figure 4B ). All dead chickens in the infected groups showed severe or mild hydropericardium ( Figure 5 ) and IBH ( Figure 6A ). But the volumes of hydropericardium of the PO group were significantly higher than the IM group ( Figure 4C) , and the IBH scores of the PO group were also higher than the IM group ( Figure 4D ). These clinical signs were almost identical to those of the naturally infected chickens. Electron microscopy of the livers of dead SPF chickens in the PO group was used to identify adenovirus virions ( Figure 6B) , and the diameter of these virions was identical to FAdV ( Figure 6C ). The virus also was recovered in the livers of all dead chickens by PCR.
Antibody Analysis
An antibody response of SPF chickens in PO group against FAdV was detected at 9 different time points (Figure 7) post-infection. The FAdV-specific antibody response was negative in all control birds at all time points. After 7 days post-infection (dpi), the antibody titres of the infected group continued to rise until 35 dpi and showed significant differences compared to the control group. The peak antibody titre was reached at 35 dpi and began to decrease at 42 dpi.
DISCUSSION
Since July 2015 in China, a highly contagious disease with severe hydropericardium has emerged and spread rapidly through broiler and layer farms in different areas of the country. HPS resulted in high mortality and substantial economic losses for traditional and agroindustrial chicken and duck businesses. In our study, a hypervirulent strain, HLJFAd15, was isolated from layers, and characterized to be serotype 4 based on phylogenetic analysis of the complete hexon gene. Complete genome sequencing of HLJFAd15 (KU991797) showed a significant deletion of ORF19 and ORF27. According to sequence analysis, the same deletion mutant was found in other hypervirulent strains recently isolated in China, such as JSJ13 (Zhao et al., 2015) and HB1510 (Li et al., 2016) , but not in strains isolated from other areas. These strains were identified to be novel genotype specifically prevalent in China (Ye et al., 2016) .
The deletion of ORF19 and ORF27 is specifically present in strains isolated in China, and might be responsible for viral evolution in the transmission process.
As reported, just one ORF19 homologue was found in the genomes of FAdV-1, -2, -8, and -9, but 2 homologues, ORF19 and ORF19A (both encoding lipases), were found in the genomes of FAdV-4 and -10 (Corredor et al., 2008) . However, for hypervirulent FAdV-4 strains recently prevalent in China, including HLJFAd15 isolated in this study, just ORF19A was found; ORF19 was absent. Based on the same function, the deletion of ORF19 was more likely responsible for virus evolution. Moreover, this deletion was present at a high frequency in hypervirulent strains (HLJFAd15, JSJ13, and HB1510), but not in mildly virulent strains (KR5 and ON1), suggesting that the deletion might play a role in enhanced virulence. Little is known regarding the roles of these deletions; the exact role of the deletion in HLJFAd15 still needs to be elucidated. Nevertheless, the large deletion provides new insights to FAdVs-based vaccine development. The 1966-bp deletion does not preclude viral replication, suggesting a new inserting position for subunit vaccine construction based on other non-pathogenic FAdVs, such as strains KR5 and ON1.
To characterize the virulence of the new genotype isolate, the HLJFAd15 strain was used to infect SPF chickens. The strain can introduce mortality rates of 76.9% by PO and 100% by IM, respectively. Dead chickens showed severe hydropericardium and IBH, which were almost identical to those of naturally infected chickens. Therefore, the recently emergent outbreak of HPS in layers in northeast China was associated with a novel hypervirulent FAdV-4 in the absence of co-infection, with a mortality rate that was much higher than previously reported. The animal infection model established in this study was very important for the vaccine evaluation and development against FAdV-4 with the new genotype recently emerging in China.
In conclusion, the recently emergent outbreak of HPS in layers in northeast China is associated with a novel genotype hypervirulent FAdV-4 infection in the absence of co-infection. A natural large deletion was found in the isolate HLJFAd15, but the association of the deletion and virulence is unclear. However, the natural deletion region may be a new site for utilization in constructing a subunit vaccine using the FAdVs delivery system. Although there is currently no commercial vaccine for FAdV-4 in China, the potential risk of increased spread of the FAdV-4 hypervirulent strain urgently requires an efficient vaccine, and the animal infection model of new genotype FAdV-4 established in this study was very important for vaccine evaluation and development.
